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EXECUTIVE SUMMARY

This report summarizes the research activities conducted at the Argonne National
Laboratory(ANL) under the FY 2016 Consolidated Innovative Nuclear Res¢@ittR) Funding
Opportunity Announcement (FOA) award CHA-10644:Investigating Grain Dynamics in
Irradiated Materials with HigiEnergy Xxrays This project is a collaboration between the ANL and
the Los Alamos National Laboratory (LANL). The researchvdigs conducted at the LANL is
summarized in the companion report,-UR-192 9312 titl ed AEVPSC Model
Steel with and without Observed Phase Transfo

The project aims to develop capability for conducting a multiscale experimen an
irradiated material enabled by highergy Xraysby integratingn situmechanical loadingvith a
suite of highenergy Xray techniquesThe focusis on 3D microstructural characterizationsitu
to investigate grain dynamics in irradiated materfalsustommadenT S5- 5 kN micro test system
was developed for conductimgsitutensile tests of radioactive specimens with 3D frggolution
far-field High-energy Xray Diffraction Microscopy (HHEDM) and tomography at the beamline
1-1D at the Advanced Photon Source (APS). A case study on netiadrated FEOCr specimens
is presentedincluding ex situnear and far field HEDM andtomographybeforein situ tensile
tess, in situtensile tegwith ff- HEDM andwide-angle Xray scatteringWWAXS), andex situnear
and farfield HEDM and tomography afteiin situ tensile tess for reutronrirradiated FE&Cr
specimensAlso discussed im situelevatedtemperaturéensiletests ofa neutronirradiatedhigh-
temperature, ultrafinprecipitate strengthened (HIPS) stainless steelusing the in situ
RadioactiveMaterials (iRadMat) characterization apparatus. These new capabilities open up new
opportunities for the nuclear material commyrib study complex reactor materials at multiple
length scalesallowing for bridging a wide range of length scales that are inherent in the
deformation and failure processes in irradiated materials. We also pildpdsald an Activated
Materials Labortory (AML) next to the new long beamline, Hidinergy Xray Microscope
(HEXM) at the APSas part of the AP&pgrade ProjectThe AML will facilitate the access to
these advanced characterization tools byntieearcommunity
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1 Introduction

The development and deployment of advanced nuclear energy systems is critically
dependent on advanced high performance materials that can tolerate extreme conditions of
radiation, high temperature, stress, and corrosive environments. Lifsiext®f existing nuclear
power plants heavily relies on understanding of radiatidnced degradation in materials
properties during longerm service. Designing radiation, heat and corresesistant materials
and predicting the response of materialextreme nuclear environments are grand challenges for
future growth of nuclear energy.

Radiation damage is a classical mgkale physics problem. Irradiation produces a large
concentration of point defects and defect clusters in a crystallineaddh@ atomic scale and in
pico-seconds. Further evolution of these defects leads to formation of various types of extended
defect structures, such as dislocation loops, dislocation network, stacking fault tetrahedra, voids,
and helium bubbles, as well peecipitates, and phase transformations that impact the integrity
and lifetime of nuclear reactor componerits Prediction of mechanical properties of materials
under irradiation requires a fundamental understanding of material behavior across atrarege o
and length scales. This multiscale complexity has limited the prediction to a few simple cases and
model configurations. Modeling the relationship between the state of microstructure and the
deformation and damage mechanisms has remained largatpmplenological. The challenge is
to capture the fundamental physical processes of the evolution of various types of microstructural
barriers, and understand the interactions of these individual qmiocesses, to determine the
macroscopic mechanical resge under service conditions. While migitiale models are being
actively developed, there is a lack of multiscale experimental data for validation and improvement
of these models. The combined application of cleselypled multiscale modeling and mulase
experimentation is key to the understanding and prediction of how the aadanicrescale
structural evolution is linked with the macroscale response in a material.

An ideal multiscale experiment requires combining a suite of techniques to arfadyze t
material behavior at multiple scales in a single experiment to develop an integrated and accurate
view of the structural interactions across the scales. Opportunity for such an experiment has arisen
from the rapid advance of higéinergy Xray techniquesffered at synchrotron radiation facilities.

The high penetrating power of higimergy Xrays allows a millimetesized specimen testeal
situunder thermamechanical loading to obtain reliable macroscale sstas behavior without
compromise of bld property measurementg][ Deformation and failure mechanisms in a multi
component, multphase engineering material can be elucidated at several length scales using
multiple X-ray techniques. For instance, internal stresses in different phases, iislegatution,

and nanescaled void formation and growth in a ferrtitartensitic steel were revealed by
simultaneous measurements of watgle Xray scattering (WAXS) and smadhgle Xray
scattering (SAXS) during tensile deformati@y. Strain andexture mapping around a crack tip
usingin situsynchrotron Xray diffraction (XRD) provided a better understanding of deformation
and crack propagation mechanisms under static and fatigue lo8HiRg¢entlydeveloped high

energy diffraction microscopyHEDM) (also known as 3D XRD) can measure the micro
mechanical states in each of hundreds to thousands of grains within a polycrystalline aggregate.
This grainscale interrogation revolutionizes the conventional measurements of average behavior
of grain easembles of materials, providing unprecedented details of grain dynamics crucial to the
understanding of the effect of microstructural inhomogeneities on the macroscopic behavior of
polycrystalline materials7]. Combined imaging studies, such as grain structure mapping by
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diffraction contrast tomography and crack mapping by synchrotrogyXnicratomography i

CT) provided new insight into the dynamic interaction of a growing crack with crystal structure
and thecontribution of different boundary types to cracking resistance in corrosive environments
[7]. The synergy of WAXS, SAXS, HEDMRCT andin situ thermatmechanical loading offer
promises in probing structure over a range of lesgtides, from angstroms tom, mapping
variations in grain characteristics including their positions, volumes, orientations, shapes, strains,
and dislocation densities, voids and cracks, to paint a robust picture of material evolution. These
advanced Xray techniques when appliemlpostirradiation examination of nuclear materials, hold
enormous potential for understanding and predicting the mechanical performance of materials in
nuclear reactor environments.

This project aims to develop the capability for conducting a multigogderiment on an
irradiated material enabled by hignergy Xrays.In situ mechanical loadingf an activated
specimenis integrated with a suite of higénergy Xray techniques developed by theray
community with the focus on 3D microstructural chagdeation by faifield HEDM to
investigate grain dynamics in irradiated materials. This new capability will open up new
opportunities for the nuclear material community to study complex reactor materials at multiple
length scales in a single experimentd &midge a wide range of length scales that are inherent in
the deformation and failure processes in irradiated materials. We also propodédoA ctivated
Materials Laboratory (AML}hat will facilitate the access to these advanced characterizagilsn t
by the user community, particularly for effective use ofgpecimenibrary provided by the DOE
Nuclear Science User Facilities (NSUF).

2 3D Characterizatioof Neutron-Irradiated Specimenswith in situ Tensile
Loading

2.1 CapabilityDevelopment

A custommademT S5- 5 kN micro test systemvas developed in this project foonducting
in situtensile tests of radioactive specimens V@ highresolution fatfield High-energy Xray
Diffraction Microscopy (ffFHEDM) andtomography at the beamlinell at the Advanced Photon
Source (APS). The test system was made by Psylotech. The main components include a
mechanical frame, a miniaturized roller screw actuator, a strain gauge load cell, a universal testing
hub, and a contit unit with Psylotest software. The load capacity is 5kN.

To test radioactivespecimes using the micro test system at the APS, the radioactive
specimen must be properly contained to prevent radiation contamination during the entire
experimental period. A adequate radiation shielding is also required to minimize radiation
exposure to personnel. A set of grips with a doddjered kapton tube containment was designed
to provide a primary containment for the radioacBpecimenas shown in Figl. The gip set
can be used for rootemperature tensile tests of two different types of subsizedsipectensile
specimens given in Fig. A secondary containment was designed to enclosentiremicro test
frame when testing a radioactispecimerat the leamline, as shown in Fid. This grip assembly
and secondary containment allows handling of&mtivity specimes in a designated control area
(specimerexposure <5 mR/h @ 30 cm). An exterior radiation shielding is required for handling
and testing higér-activity radioactivespecimes (specimerexposure > 5 mR/h @ 30 cm). The
primary and secondargpecimencontainments have been approved by the APS Radioactive
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SpecimenSafety Review Committee (RSSRC) aark routinely used for testing radioactive
speciners at the APS.

Figurel. 3D mode$ showing the grip assemebly for a radioactpecimerinstalled in the Psylotech
micro test frame. The radioactigpecimeris contained in @oublelayeredkapton tube for a room
temperature tensile tedthe micro test frame is enclosed in a plastic secondary containment.
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Figure2. Two types of absized shedlype tensile specimen&) total length of 25 mm, and (b) total
length of 16 mm
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2.2 Ca® Study in situ tensile test oheutron-irradiated Fe9Cr alloy

2.2.1. Ex situnear- andfar- field HEDM and Tomographyof Neutron-I rradiated Fe9Cr Alloy
beforein situ TensileTest

Experimental Procedure

Nearfield and farfield HEDM and Xray tomographyvascarried out at the APS beamline
1-ID on threesubsized shedype tensilespecimens of an F&Cr alloy, unirradiated, neutron
irradiated to 0.1 dpa at 300 and 450°C, respectively. These three spegiarersubsequently
tensile testedn situ with far-field HEDM and WAXS measurements that are described in the
following section.Theschematic drawing of the specimen is given in B{g). Thenominalgage
dimensions othe specimenwerel.2 mm (width) x 0.5 mm (thickness) x 5 mm (lengitijh a
total length ofL6 mm. The experimental setupr the nf and ffHEDM at the beamline-ID is
shown in Fig.3. The irradiatedspecimerwas encapsulated doublelayered Kaptortubes

HEDM setup

_ far-field

near-field

/ Encapsulation

=

k3 [ Sample

lon chamber

Beam stop
/ Monochromatic

Translation and
rotation stages

APS beamline -D.

The beam energy, beam size and shecimerto-detector (SD) distancir nf- and ft
HEDM and Xray tomographyre given in Table ITomography and fHEDM used box beasy
and nfHEDM used focused bearBecause the beam heighttbéfocused beasifor nf-HEDM
wasonly 2 um, eachmeasuredayer sampleda plane inthe specimemwross section. Therefore, a
numberof layers wereneasuredy nf-HEDM to sample a larger volume of the specimenmn.tke
unirradiatedspecimen65 layers were measurég translating the specimen vertically along the
specimen gauge direction. Multiple scangeveonducted with the step size of 5 |ifine two
irradiatedspecimeswere measured in a similar fashion, and a totaP&flayers were measured.
Forall threespecimes, the middle layer of the tHEDM measurements was located at the center
of thespecinengage. Theotal volume measured by-RffEDM was covered itwo layers of the
ff-HEDM measurements using box besam
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Table 1.Parameters for nind fFHEDM and tomography measurements.

Specimen Energy | Beam size (mm x mm) SDdistance (mm) Measurement
(keV)
Unirradiated | 65.351 | 1.8 x 1-tomo; 1.8 x 0.16 ff; | 856 mm for ff; 1 layer- tomo; 2 layers ff;
focused(2 um)- nf 7 & 8.5 mm for nf 65 layers, 5 um stepnf
0.1 dp#450°C | 88.003 | 1.8 x1- tomo; 1.8 x 0.32 ff; | 856 mm for ff; 11 1 layer- tomo; 2 layers ff;
focused (2 pm} nf & 14 mm for NF 129 layers, 5 um stemf
0.1 dp@300°C | 88.003 | 1.8 x 1-tomo; 1.8 x 0.32ff; | 856 mm for ff; 1 layer- tomg; 2 layers- ff;
focused (2 pm} nf 11& 14 mm for NF | 129 layers, 5 um stepnf

Grain reconstructiorwasperformed using the Microstructural Imaging using Diffraction
Analysis Software (MIDAS)Figure4 showsan example othe reconstructed gramapsin real
spaceof the same area measured byamid fFHEDM in the unirradiateéfe-9Cr specimerfigures
4 (a) and (bshowff-HEDM datg in which grains are representeddphers showing the center
of-mass (the centroid of the sphere) and the volume (the size ohire )X the grainThe colors
indicate the completeness Fig. 4a) and the strairfx 10°) in Fig. 4b). The completeness is a
measure othe reconstruction confidence, ranging from 0 to 1, calculated by the number of
matched diffraction spots divided by the number of expected diffraction $pgises 4 (c) and
(d) arenf-HEDM results showinghe actual shapes of the grains. The colofEgn4(c) show the
completeness and Fig. 4d) show one of the Euler angl@uler 0)of the grains with respective
to the specimencoordination systemThe f-HEDM provides accurate measurements of
microstraingdue to its high angular resolutionhile nFHEDM can reveatheshapes of the grains
due toits high spatial resolution.

(2) completegass as color (b) ¢,, as color (© completeness as color i (d) Euler0 as color
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Figure4. Reconstructed grain mam real space of theameareameasured by rfand ff-HEDM in the
unirradiated FOCr specimen (a) and (b} fEDM measurement, (c) and (dfHEDM measurement.

Farfield HEDM resultsof neutronrirradiated FEOCr dloy

Figure5 shows the HHEDM reconstructiordatafor the unirradiatedre-9Cr specimenn
real space and ithe Rodrigues-rank (RF) orientation spacéwo layersmeasured byf-HEDM
were reconstructed individually, and grains that were atrtificially sliced were stitched together. The
stitching algorithm was based tre misorientation angle, and a thresholding angle o¥&S used
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in the analysis. fie same threshold anghasusedfor grain identificationn thenf-HEDM data
analysis Sixty-onegrains were founth themeasured volume in thenirradiated specimehe
average grain radiusas 158 pum.Fourlargest grains identifiedierelabeledasl to 4 in the top
view (middle)in real spacand in the RF orientation mdpght) in Fig.5. Those four graing/ere
usedas fiducials for correlating the HHEDM and nfHEDM results, andvere trackedoy ff-

HEDM duringthe subsequem situtensiletest

Figures6 and7 show the ffHEDM reconstruction of the 450°C/0.1dppecimerand the

300°C/0.1dpapecimenrespectively. The average grain radius of the 450°C/0 dpgamerwas
166 um and 134 pum for the 300°C/0.1dg@ecimen Similar to the unirradiategpecimen four

grains were selected in each of the irradiatgetimen for comparison with AHEDM results and

also serving as fiduciatiuring thein situtensile tests

g
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Figure5. ff-HEDM reconstruction of unirradiated B€r: (left) 3D viewand(middle) topview in real

space (right) RF orientation space view. The selected four grains are ladslém4 in the top view and
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Figure6. ff-HEDM reconstruction of 450°C/0.1dpa irradiated%er: (left) 3D viewand(middle) top
view in real spacg(right) RF orientation space view.
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Figure7. fi-HEDM reconstruction of 300°C/0.1dpa irradiated%er: (left) 3D viewand(middle) top
view in real spacg(right) RF orientation space view.

ANL/NSH.9/47



Final Report on Investigating Grain Dynamics in Irradiated Materials with Higiergy Xrays
December 2019 7

Neatfield HEDM resultsof neutrorirradiged Fe9Cr dloy

Figure8 shows the rHEDM reconstruction of the middle layerstbe unirradiated, and
irradiated 450°C/0.1 dpa and 300°C/0.1 dpa specimens of tB€iFalloy. Thegrain mapsare
represented in three color bars: completeness, one Biitbeangle component (Euler0), and the
kernel average misorientation (KAM). Out of those three, the completeness and the EulerO plots
are visualization of thdirectoutput from the MIDAS softwaré he pixels in theKAM plotsare
the averageof the misoientation anglesalculated usin@ givenpixel andits first and second
nearest neighbor3he KAM values areemsitive to local orientation chargy@andare plottedo
highlight the locatios of boundarieswhere there are orientation discontinuiti@sg. grain
boundaries, subgrain boundaries). As shown in each of the KAM plots .i8,Rige red lines
outline the high angle grain boundariesach specimen.
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Figure8. Nf-HEDM reconstruction of the imdle layers of the thregpecimes: layer 33 for the

unirradiated, layer 65 for the 450°C/0.1dpa irradiated and for the 300°C/0.1dpa irrabohbedhars
indicatecompletenesfeft), EulerO anglémiddle), and KAM (right).
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Grains were identified badeon orientationsising the samstitching algorithm as in the
ff-HEDM. Thegrain identification algorithm also used 2° as the misorientation thresholdiangle
the nf-HEDM data analysisPixels with misorientations equéb and smallethanthe threshold
valuewere consideredsone grain. Since there are 30@00k pixelsin each layeand the pai
wise misorientation calculation is computationally codi grain identification algorithm was
performed orrandomlyselected5000 pixelsin the frst step In the second step, the average
orientation of the grain identifieih the first step was calculated. Those grain orientations were
plotted in the RF orientation space together with the orientations from all the pixels to visually
confirm that d the orientations in the microstructure wesampled In the last step, the
misorientations between all the pixels and those averaged grain orientations were calculated, and
the 2° threshold was used to group pixels with almost the same orientatomegaain. Figured
shows the grain identification result in real space and in orientation §jmdcebasindicategrain
IDs. Four largest grains identifigd the fFHEDM werealsofound by nf-HEDM, and labeled as
1to 4 in eachspecimenn Fig. 9.

‘ Middle layer of unirradiated Fe9Cr
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Figure9. Nf-HEDM reconstructions of the middle layers of the tlspecimen: the unirradiated, the
450°C/0.1dpa irradiated and the 300°C/0.1dpa irradi&eldrs indicatethe grain IDs.
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